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post-ICH), PHA-543613+PI3K inhibitor wortmannin (15 μL/kg; intravenously at 30 minutes post-ICH), or MLA and wortmannin alone. Control animals received vehicle administrations. All drugs were purchased from Sigma-Aldrich (St. Louis, MO), processed, and administered according to protocols reported previously.
6,8

Assessment of Sensorimotor Deficits
The modified Garcia neuroscore and the forelimb placing test were used to assess sensorimotor deficits in mice at 24 and 72 hours after surgery, as previously reported. 6 Details are available in the onlineonly Data Supplement.
Tissue Processing and Analysis
Mice were euthanized at 24 and 72 hours after surgery to evaluate brain water content (brain edema) via the wet weight/dry weight method, as previously described. 10 Standard protocols were used to conduct Evans blue and Western blot assays at 24 hours after surgery. 6, 10 Details are available in the online-only Data Supplement.
Statistical Analysis
Data are expressed as mean±SEM. Behavior data were analyzed with Kruskal-Wallis 1-way ANOVA on ranks, followed by the StudentNewman-Keuls method. All other data were analyzed by 1-way ANOVA, followed by the Tukey test. A P value of <0.05 was considered statistically significant.
Results
PHA-543613 Attenuated Sensorimotor Deficits and Brain Edema After Experimental ICH
Sensorimotor deficits and brain water content were evaluated in mice at 24 and 72 hours after surgery (n=6 per group). Mice subjected to ICH showed significant sensorimotor deficits compared with sham-operated animals (P<0.05; Figure 1A and 1B 
PHA-543613 Preserved BBB Integrity After Experimental ICH
Functional barrier properties were evaluated via Evans blue assays, conducted at 24 hours after surgery (n=5-6 per group). Significantly more extravasated dye was measured in the ipsilateral hemispheres of mice subjected to ICH (P<0.05, compared with sham; Figure 2C ). PHA-543613 preserved BBB integrity after ICH, which was associated with significantly reduced dye extravasation in treated animals (P<0.05, compared with vehicle Figure 2D ). The amount of extravasated dye within the contralateral hemisphere was similar between all groups (P≥0.05; Figure 2C and 2D).
PHA-543613 Reduced GSK-3β Activation, Thereby Stabilizing β-Catenin and Tight Junction Proteins
Western blot analyses of the ipsilateral brain hemisphere were conducted at 24 hours after surgery (n=5 per group). Changes in protein expression of phosphorylated and, therefore, activated GSK-3β (p-GSK-3β, Tyr216) was quantified as a ratio to total GSK-3β ( Figure 3A ). GSK-3 phosphorylation was significantly increased in the ipsilateral brain hemisphere of mice subjected to ICH (P<0.05, compared with sham). However, PHA-543613 treatment significantly reduced the p-GSK-3β/GSK-3β ratio (P<0.05, compared with vehicle), which was reversed by MLA and wortmannin (P<0.05, compared with PHA-12 mg). β-catenin phosphorylation enhances its degradation. Increased phosphorylated β-catenin (p-β-catenin; Ser33/37 and Thr41) levels were found in vehicle animal brains (P<0.05, compared with sham; Figure 3B ). PHA-543613 significantly reduced the p-β-catenin/β-catenin ratio (P<0.05, compared with vehicle), which was tendentially abolished by MLA (P=0.05) and reversed by wortmannin (P<0.05). Experimental ICH reduced claudin-3 and claudin-5 levels (P<0.05, compared with sham; Figure 3C and 3D), but PHA-543613 treatment increased their expression significantly (P<0.05, compared with vehicle). Mice in the PHA+MLA group presented significantly reduced claudin-3 levels (P<0.05) and tended to reduce claudin-5 levels (P=0.09) when compared with vehicle animals. Wortmannin reversed the initial increase of claudin-3 and claudin-5 by PHA-543613 (P<0.05).
Discussion
The present study aimed to explain how α7nAChR stimulation minimized cerebral edema formation in mice subjected to ICH. Consistent with our previous work, 6 PHA-543613 administration reduced total perihematomal brain edema, which we evaluated via the wet weight/dry weight method. Because this technique does not distinguish between vasogenic and cytotoxic brain edema, 10 we incorporated Evans blue assays to determine the functional integrity of the BBB. As expected, PHA-543613 reduced BBB permeability after ICH, which was associated with less albumin-bound dye extravasation into the affected brain hemisphere. Therefore, we propose that PHA-543613 reduced brain edema formation after ICH, at least to some extent, by preserving BBB functional integrity.
Although primarily expressed by neurons and microglia, functional α7nAChRs have been located in BBB-comprising microvascular endothelial cells. 9 In addition to their function as ligand-gated ion channels, α7nAChR stimulation activates PI3K-Akt signaling through an unidentified mechanism. 11 Moreover, Akt has been reported to antagonize hemorrhageinduced GSK-3β activation, 6 resulting in dephosphorylation of GSK-3β substrates, including β-catenin. 7 In accordance with this theory, we found quantitatively more phosphorylated GSK-3β and β-catenin in the brains of ICH animals, but PHA-543613 administration reversed these hemorrhage-evoked molecular consequences.
Unphosphorylated β-catenin associates with sequencespecific DNA-binding factors of the T cell factor/lymphoid enhancer factor family, thus, promoting the transcription of claudin-3, 3 which we found highly expressed in PHA-543613-treated ICH mouse brains. Contrary to this barriermaintaining effect, β-catenin, when in complex with Forkhead box O1, represses endothelial-specific claudin-5 expression.
5 Surprisingly, the present study found that PHA-543613-induced β-catenin stabilization was associated with increased claudin-5 expression. This discrepancy may be attributed to PI3K-Akt-induced Forkhead box O1 inhibition, as previously reported. 5 Consistent with our findings, pharmacological β-catenin stabilization increased claudin-5 expression in a rat model of focal cerebral ischemia. 12 The observed functional and morphological changes, evoked by PHA-543613, were ameliorated or reversed by coadministration of MLA or wortmannin with the treatment. MLA is a competitive inhibitor of α7nAChR; and wortmannin irreversibly inhibits PI3K, thus preventing Akt activation. 8 Yet, both interventions failed to induce BBB disruption, brain edema, and neurofunctional deficits significantly after experimental ICH in mice, when administered alone. 6 Based on these findings, we suggest that functional α7nAChRs and PI3K are required for PHA-543613-induced BBB protection.
Claudin-3 and claudin-5 are transmembrane proteins essential for maintaining the diffusion barrier provided by tight junctions. 3, 13 The selective loss of claudin-3 in cerebral microvascular endothelial cells has been linked to pathological conditions, including autoimmune encephalomyelitis and human glioblastoma multiforme. 13 Additionally, claudin-5 knockout mice presented increased BBB permeability and died shortly after birth. 4 Therefore, prospective treatments that effectively increase claudin-3 and claudin-5 expressions may ameliorate BBB breakdown in various central nervous system diseases.
The present study has several limitations. First, we did not implement the collagenase-induced ICH mouse model.
Collagenases are proteolytic enzymes that may impair the BBB to a greater extent than blood toxicity alone.
14 In fact, Hijioka et al 15 observed that α7nAChR stimulation failed to significantly reduce brain edema in a collagenase-induced ICH model. Furthermore, pathophysiological mechanisms of edema formation may differ between these models. Second, β-catenin is a structural adaptor protein of endothelial adherens junctions and may, therefore, directly generate BBB stabilization. 7 Third, anti-inflammatory 11 and antiapoptotic 6, 8 properties of α7nAChR agonism were not evaluated in this study.
In summary, α7nAChR agonist PHA-543613 reversed ICH-induced brain edema, possibly by stabilizing β-catenin and, therefore, increasing claudin-3 and claudin-5 expressions. These molecular changes were paralleled by preserved BBB integrity and improved sensorimotor deficits in ICH animals. However, α7nAChR antagonist MLA and PI3K inhibitor wortmannin reversed the treatment effects. Based on these findings, we conclude that α7nAChR-induced activation of the PI3K-Akt pathway stabilized β-catenin through GSK-3β inhibition, thereby increasing subsequent claudin-3 and claudin-5 expression.
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None. Briefly, general anesthesia was achieved by intraperitoneal co-injection of ketamine and xylazine (100/10mg/kg). The anesthetized mouse was positioned prone, with its head secured onto a stereotactic frame (Kopf Instruments, Tujunga, CA). Next, a scalp incision was made, and a 26 gauge needle was inserted through a cranial burr hole (1mm) into the rodent's brain (coordinates from bregma: 0.2mm anterior, 2.0mm lateral, 3.0mm in depth). At this position, 5µl of autologous whole blood, collected from the animal's central tail artery, were injected at a rate of 2µl/min. The needle was then lowered to the target position of 3.7mm in depth, and 25µl of blood were injected into the right striatum. The needle was left in place for 10 minutes after injection completion to prevent backflow of blood. All animals were allowed to recover under observation. Sham operation consisted of needle insertion only.
Assessment of Sensorimotor Deficits
The modified Garcia Neuroscore and the forelimb placing test were utilized to assess sensorimotor deficits in mice at 24 and 72 hours after surgery, as previously reported. 3, 4 The Neuroscore evaluates a rodent's _ENREF_3spontaneous activity, body sensation, vibrissae proprioception, limb symmetry, lateral turning, forelimb outstretching, and climbing skills (maximum performance score of 21). The rodent's ability to respond to a vibrissae-elicited excitation, by forward movement of the ipsilateral paw, was evaluated via the forelimb placing test. Adequate paw placements were recorded out of 10 trials. All behavior assessments were conducted in a blinded fashion.
Tissue Processing and Analysis
Brain water content (brain edema) was evaluated via the wet weight (WW)/dry weight (DW) method, as previously described. 2, 5 Briefly, mice were euthanized at 24 and 72 hours after surgery, and brains were quickly removed and divided into ipsi-and contralateral cortex, basal ganglia, and the cerebellum. All specimens were weighed with an electronic analytical balance (APX-60, Denver Instrument, Bohemia, NY) and then dried at 100°C for 24 hours to obtain the dry weight of each sample. Brain edema was then calculated as [(WW-DW)/WW] x 100 (%).
Standard protocols were used to conduct Evans blue and Western blot assays at 24 hours after surgery. 2, 3 To evaluate BBB permeability, mice received an intraperitoneal injection of 250µl Evans blue solution (4%) 3 hours prior to euthanasia.
Afterwards, deeply anesthetized animals were transcardially perfused with 50ml PBS, and brain tissue samples were collected. Evans blue dye extravasation was measured by spectrophotometer (Thermo Fisher Scientific Inc. Waltham, MA). Results were expressed as µg/g of hemispheric brain tissue, normalized to the sham value.
Following tissue preparation and protein extraction of the ipsilateral hemispheres, 2, 3 Western blotting was performed using the following primary antibodies:
Anti-p-GSK-3β (Tyr216), anti-GSK-3β, anti-β-actin, anti-β-catenin, anti-claudin-3, and anti-claudin-5 were purchased from Abcam Inc. (Cambridge, MA). Anti-p-β-catenin (Ser33/37/Thr41) was purchased from Cell Signaling Technology Inc. (Danvers, MA).
All appropriate secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Immunoblots were visualized via ECL Plus chemiluminescence kit (Amersham Bioscience, Arlington Heights, IL) and analyzed using Image J (4.0, Media Cybernetics, Silver Springs, MD). Results were expressed as a relative density ratio, normalized to sham.
